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COSTS OF OPERATING CRUDE OIL PIPE LINESu 
T HE procedures of economic production function analy- sis may be used to simplify the problems arising in the 
design of crude oil (or other) pipe lines. In the designing of 
oil pipe lines there may be said to be five principal physical 
variables present: (I) line diameter, (2)  horsepower, (3) safety 
factor, (4) wall thickness, and (5) operating pressure. A given 
throughput may be achieved by the use of any of several 
available line sizes (outside diameters), each of which is also 
available in several inside diameters (or wall thicknesses). 
This throughput may be obtained for any given pipe size 
by the use of any of many possible operating pressures to 
produce the required horsepower; low pressures mean more 
stations, while high pressures mean fewer stations. A maxi- 
mum pressure is set by the safety factor and pipe strength, 
but the safety factor may be varied (and is) within fairly 
wide limits. 
The basic question to be determined in any pipe line de- 
sign problem is this: what is the cheapest combination of 
these variables-line diameter, horsepower, wall thickness, 
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safety factor, and operating pressure-for carrying a desired 
throughput? I t  should be noted that the length of line is ir- 
relevant to this problem, since the cost per mile of trunk 
Iines should not vary with length, be the lines 100 or 1,000 
miles in length. Consequently, any costs which are propor- 
tional to length of line do not affect the choice of the opti- 
mum combination of the above variables. For example, it 
makes no difference to this probIem whether a micro-wave 
or radio communication system is used; this is a decision that 
can be made on its own merits. 
I t  is apparent that the solution of this problem with five 
variabIes is difficult. The use of the calculus with partial dif- 
ferentiation immediately suggests itself. A joint research 
group at the University of Oklahoma and Clark Bros., Inc. 
(a division of the Dresser industries) determined an 'bpti- 
mum" pressure and used a solution dependent on the calcu- 
lus (this study covered gas pipe lines).% Mr. George C. 
Hughes determined an "optimum pressure," assumed a safety 
factor, and used an arithmetic determination of the optimum 
combination.' 
This study will attempt to show that the probIem can be 
reduced to two economic variables by the application of 
economic production function analysis and can then be 
solved either arithmeticaIly or approximately by further 
application of the analysis. 
According to economic production function theory, the 
minimum expenditure for producing a given output, Qo, of 
some product which requires the combination of two "fac- 
tors of production" (for example, Labor and Capital) may 
be determined readily if (1) the various physical combina- 
tions of the factors which will give the required output are 
known, and (2) the prices of the factors are known. The pro- 
cedure is the following: 
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The total expenditure required for any combination of the 
two factors (designated "L" and "C") is given by: 
E = PLL + PcC, 
where, 
E = the total expenditure, 
L = the physical amount of labor used, 
C = the physical amount of capital used, 
PL = the price of labor (per unit), and 
PC = the price of capital (per unit). 
From this equation there may be deduced a family of 
expenditure Lines, 
There will be one such line for each possible expenditure (or 
each combination of L and C). These lines are parallel since 
PC 
all have the same slope, - -. If plotted on a chart where L is 
PL 
C 
FIG. 1. Expenditure Lines. 
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the ordinate and C is the abscissa (see Fig. I), the L intercept 
E 
of each line is -. Of any two lines in the family, the one 
PL 
having the higher intercept of the L axis will represent a 
higher total expendit~re.~ Since it has the greater intercept 
it will lie farther from the origin. Consequently, it may be 
said that expenditure lines lying away from the origin repre- 
sent higher expenditures than those lying near the origin. 
co C 
FICA 2. Optimum Combination of Two Factors of Production. 
The physical relationship between L and C for the produc- 
tion of QO may also be plotted on a chart of the same type 
(see Fig. 2). The optimum combination of L and C should 
now be apparent. It is that combination where one of the 
expenditure lines is tangent to the physical curve (known as 
an "iso-product" curve). The total expenditure for this com- 
bination is given by: 
Eo =PLLo + PcCo. 
This expenditure is represented by the expenditure line pass- 
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ing through the point (Lo,CO), since the same expression may 
be rewritten, 
Eo Po Lo=--- Co. 
PL PL 
This procedure via calculus simply requires the equation of 
PO a~ 
the slopes of the two lines, - - = - - 
PL ac ' 
where, 
Po 
- - = the slope of the expenditure lines, and 
PL 
aL 
- - = the slope of the iso-product curve. 
ac 
Partial differential signs are used for the slope of the iso- 
product curve because it is in reality the horizonta1 cross 
section of a three-dimensional function relating Labor, Capi- 
tal, and Output. Such functions are called 'cproduction func- 
tions." 
If it is desired to determine the optimum combination of 
factors for other levels of output, the process is repeated 
with other iso-product curves. Those for higher outputs will 
lie to the right and above, those for lower outputs to the 
left and below. A curve comparing output and the expendi- 
ture which is least for each output is the 'long-run" total 
cost curve for producing the product. This curve shows the 
cheapest way to produce any given output. 
If there are more than two factors of production, say "A," 
'"B," and "C," then the optimum combination is given by 
PA PB PC 
-=-=- 
aA aB a ~ '  
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This, in brief, is the process that will be used in the subse- 
quent discussion of the physical variables. 
A. Safety Facto~ 
Although the safety factor question might validly be con- 
sidered an economic one, it will be assunled here to be physi- 
cal in nature. In  a sense, it is an econonlic question to deter- 
mine whether more money should be spent initially on 
capital investment in line pipe in order to reduce the proba- 
bility of breakage, or whether more money should be spent 
for maintenance and repair in the future. However, it will be 
assumed that the purpose of the theoretical pipe lines de- 
signed here is to carry oil with a minimum probability of 
interruption of service in accordance with standard pipe 
strength characteristics. The safety factor used will, then, 
represent industry practice toward the difference which 
must be allowed between the bursting pressure for the steel 
in the line and the maximum pressure at which the Iine is 
to be operated. Unfortunately, there is some dispute as to 
just what the minimum allowable gap between bursting pres- 
sure (or minimum yield strength) and operating pressure 
should be. 
Approximate safety factors (computed on a theoretical 
bursting pressure of 60,000 ps i . )  on a number of recent 
large-diameter crude lines are shown in the sixth column 
of Appendix A. The range of these safety factors is 1.79 to 
4.76. The approximate mean is 2.55. Consequently, it might 
be deduced that industry practice is about 2.5. However, 
it should be noted that lines have been built and are in 
operation with much smaller safety factors, e.g., the Inter- 
provincial and Standard of California lines (1.86 and 1.79 
respectively). Furthermore, lower safety factors are being 
urged on the industry in technical articles and by govern- 
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ment agencies, For example, the Petroleum Administration 
for Defense uses 1.6 based on the minimum yield strength, 
the equivalent of about 1.8 on the bursting pre~sure.~ This 
is about equal to the actual cases just cited. Consequently, 
in order to minimize costs, a safety factor of 1.8 will be used 
in this study. (It will be recognized that higher safety factors 
require thicker pipe for a given operating pressure; thicker 
pipe means more steel per mile of pipe line, and hence more 
expensive lines.) 
B. Optimum Pressure and Optimum Wall Thickness 
The safety factor problem can be assumed to be a physical 
one. The questions of the pressure and wall thickness to be 
used for a given line size are, however, another matter. While 
it is correct physically to say that for line pipe with an inside 
diameter of X it is necessary to apply a horsepower of Y in 
order to get a throughput of 2, it should be noted that the 
cost of throughput may also be a function of the pressure at 
which the line is operated and of the wall thickness used. 
I t  will be seen that wall thickness and pressure are in reality 
the same problem. 
Physically, this pressure is more or less continuously vari- 
able below a maximum determined by the safety factor 
chosen in relation to the bursting pressure of a given size 
line. The nlinimum would have to be some pressure higher 
than zero; otherwise, the oil would have ceased to flow be- 
fore reaching the station. Since the operating pressure may 
be varied within these limits, the size and number of stations 
may also be varied. If the costs of building and operating the 
pipe line were proportional to horsepower regardless of how 
the horsepower is applied, then operating pressure could be 
ignored as an economic variable. I t  would make no differ- 
ence whether a few large or many small stations were used. 
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However, if costs vary with the way in which the horse- 
power is developed, e.g., if it is more expensive to use small 
rather than large stations, pressure becomes a significant 
economic variable. The presence of operating pressure as a 
variable complicates the problem appreciably. 
The question of optimum pressure has evidently plagued 
pipe line companies for many years, and industry practice 
still varies widely. Note the range of pressures used on the 
lines covered in Appendix A (650-1050 p.s.i.). As will be 
seen, a large range of pressures is not necessarily a criticism; 
indeed, it will be found that an even larger range than this 
should be used where the range covers all line sizes. How- 
ever, there has been little agreement on the optimum pres- 
sure for any one Iine size. The question is often put in the 
form, what is the optimum pressure at which to operate a 
given size line? -where by size of line is meant standard 
outside diameters, e.g., 20, 22, 24, etc., inches. The question 
posed in this form without further elaboration is illogical. 
There is a family of lines with varying inside diameters for 
each standard outside diameter. I t  is these inside diameters, 
not outside diameters, which are critical in the determina- 
tion of the horsepower required to move a given throughput. 
Pressure must be applied to the oil to overcome friction gen- 
erated when the oil touches the pipe. Obviously it is the 
inside area, not the outside area, of the pipe that determines 
the amount of friction generated. Consequently, for any 
given outside diameter size, there will be at least as many 
different total horsepower requirements (and hence pressure 
requirements) for a given throughput as there are inside 
diameters available. Indeed, physically there will be a very 
large number of possible pressures for each inside diameter 
size available-the almost infinite number which may be 
developed between the limits set out above (a low suction 
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pressure and the safety-factor maximum). It is therefore 
illogical, without further elaboration, to attempt to determine 
which pressure is the optimum for any outside-diameter line; 
rather this question must be answered for each inside- 
diameter line. 
The conclusion that follows from this argument is that 
it would be most desirable to eliminate the question of op- 
erating pressure as a variable. Physically it is a variable; in 
an economic sense, however, it may well not be. In the &st 
place, if there are any decreasing costs per horsepower 
present in the operation of pumping stations, then the 
(economic) optimum pressure is fixed at the maximum pres- 
sure for any pipe of a given inside diameter at which the 
line can be operated in accordance with the safety factor and 
the yield strength. The existence of decreasing costs per 
horsepower in the operation of stations would mean that a 
given horsepower could be produced at the lowest total cost 
by the use of the smallest possible number of stations, where 
the minimum h i t  on the number of stations is determined 
by their maximum possible operating pressures. Since there 
clearly are decreasing costs in operating stations of a given 
type (for example, a labor force of two operators on each 
shift is necessary for semi-automatic stations having small 
horsepower capacities, but the same number of workers can 
operate stations with capacities upwards of 5,000 horse- 
power), the optimum pressure at which any line of a given 
inside diameter may be operated is the maximum. Conse- 
quently, on economic grounds, it is possible to eliminate 
many of the physical possibilities. Any pipe line of a given 
inside diameter must be operated at the maximum pressure 
possible in accord with the safety factor; otherwise, more 
stations will be buiIt than are necessary, and more money 
will be spent than is necessary-both in initial station outlay 
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and subsequent wage, maintenance, and power bills. It is 
for this reason that wall thickness and operating pressure 
may be considered one problem. There is only one economi- 
cally acceptable pressure for any given inside-diameter pipe, 
nix., the maximum possible in accord with the safety factor 
chosen. 
This reduces the problem to one pressure per inside- 
diameter line, but there are over 100 such lines available in 
the usual outside-diameter range of crude oil lines (8-32 
inches). The concept of an optimum pressure for a given 
outside-diameter line, which was uncharitably described 
above, remains to be considered. This concept is valid if, and 
only if, one size of pipe (or combination of sizes) within a 
given outside-diameter family can carry all possible through- 
puts at a lower total cost than any other line (or combination) 
in that family. In this case the optimum pressure for the 
outside diameter under consideration would be the optimum 
for the particular inside-diameter pipe which carries any 
throughput cheaper than does any other inside-diameter pipe 
in the family. This optimum pressure would be the maximum 
at  which the optimum inside-diameter pipe (or combination) 
could be operated. For any one throughput, the condition is 
not so stringent-there need only be one inside diameter or 
combination that is most economical. 
Is it possible that one inside-diameter size within an 
outside-diameter family can satisfy the conditions of such an 
economic optimum? In any given outside-diameter family, 
the lowest investment cost for line pipe is obtained by using 
the minimum wall thickness which can be handled in laying 
without excessive bending and buckling; this is usually con- 
sidered to be %-inch wall pipe. The thinnest wall has the 
lowest line pipe investment cost simply because it has less 
steel per foot. For example, %-inch, 20-inch pipe weighs 139 
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tons per mile, while !;-inch, 20-inch pipe (the thickest wall 
available in standard line pipe) weighs 275 tons per mile. 
(Lest the reader think that this discussion of optimum pres- 
sures is academic, he is invited to consider pipe costs for a 
thousand mile line using first %-inch pipe and then K-inch- 
pipe-the difference for 20-inch pipe at $166 a ton is about 
22.5 milIion dollars.) 
Not only does the pipe with the thinnest wall have the least 
line pipe investment cost, it would also require the lowest 
total horsepower for a given throughput of any inside- 
diameter line (or combination of lines) within a given outside- 
diameter family. The reason for this is that the pipe with 
the minimum waI1 thickness has the largest inside diameter. 
I t  requires more horsepower to push a given amount of oil 
through a small (inside diameter) pipe than through a large 
(inside diameter) pipe. Remember that it is the inside surface 
area which matters in arresting liquid flow via friction. There 
is less friction per barrel of oil carried in, say, a 29.5-inch 
(inside diameter) pipe than in a 29.0-inch (inside diameter) 
pipe because there is less surface area per barrel of oil. An 
open-end cylinder of inside radius "r" and length "L" has a 
volume of nr'L and an inside surface area of 2nrL. An open- 
end cylinder of inside radius "r $ .5" and length "L" has a 
volume of n(r + .5)2L and has an inside surface area of 
2rr(r + .5)L. The volume increases more than the surface area; 
consequently, in the larger pipe more oil touches less surface 
per barrel. This means that less friction per barrel is created 
and that less horsepower per barrel is needed. Consequently 
the %-inch pipe not only has the lowest steel investment cost, 
it also has the least total horsepower requirements and hence 
the least total horsepower investment (and operating) costs. 
The magnitude of the latter saving is not appreciable in rela- 
tion to that of the former, but the important point is that no 
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other inside-diameter pipe has a smaller horsepower require- 
ment for any given throughput. 
Now if the %-inch pipe has the lowest line investment cost 
and the lowest total horsepower requirements of any line in 
a given outside-diameter family, the immediate presumption 
would be that it would have the lowest cost in the outside- 
diameter family of carrying any throughput. However, the 
pipe w i d  the minimum wall thickness will also have the 
lowest bursting pressure; consequently the maximum pres- 
sure at which it can be operated will be the least (maximum) 
of any line in the family. This means that less advantage 
can be taken of decreasing costs in the construction and 
operation of stations on this line than on any other line in 
the family. If the gains from decreasing station operating 
costs obtained by utilizing thicker pipe of the same outside 
diameter should offset (1) the increased line pipe costs and 
(2) the increased horsepower required, then the minimum 
wall thickness would not be the optimum size. Such a situa- 
tion seems on an a priol-i basis to be unlikely. The remainder 
of this section will be devoted to an investigation of this 
question by the use of applied economic production function 
theory. 
What other programs than %-inch pipe might be used? 
Many have been used (see Appendix A); indeed, only one 
line in the tabulation in Appendix A uses $-inch pipe 
throughout. For large-diameter pipes, standard API wall 
thicknesses include 1/2, 7/16> 3/s, 5/16, 9/32, and 1/4 inches. Techno- 
logically, any of these could be used instead of %-inch 
throughout. WouId any of them give a lower total cost? 
Some of the alternatives which are technologicalIy feasible 
can be eliminated by economic logic. I t  would be irrational, 
from a cost point of view, to lay a line with any one thickness 
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of pipe throughout except (perhaps) %-inch. The reason for 
this is that pressure falls as oil moves downstream from a 
pumping station. Conseq~ently, the line may be "telescoped." 
That is, when the pressure has fallen sufficiently that the 
next smaller thickness may be substituted without exceeding 
the line safety factor, pipe of the same outside diameter with 
the next thinner wall may be used. Economically this sub- 
stitution should be carried out, everything else being equal, 
since the thinner wall pipe uses less steel per mile and also 
requires somewhat less horsepower to move a given through- 
put. Using the initial pipe, say %-inch, beyond the point 
where 7/lc-inch could be used incurs an unnecessary cost and 
must therefore be rejected. This proposition may be extended 
in steps to the thinnest usable pipe, uix., %-inch throughout. 
In short, the use of any single line thickness, other than 
%-inch, throughout the length of the line is economically 
irrational. Therefore, the only economic alternatives to 
%-inch pipe throughout are completely telescoped lines be- 
ginning with each of the available wall thicknesses. This 
proposition should ~ r o b a b l ~  be modified to this extent: there 
are at least two disadvantages of telescoping. One is that 
line capacity cannot be expanded with stations of the original 
size without digging up and relaying sections of the line. 
Another is that there must be considerable problems of 
logistics involved in getting the right wall thickness at the 
right place at the right time when the line is being laid. 
Either or both of these difficulties might tempt a company 
to avoid complete telescoping and to use, say, two sizes of 
pipe, perhaps 7/lc-inch and %-inch. However, the very large 
initial cost differences relative to complete telescoping would 
seem to make such a decision indefensible in the end. Such a 
decision on a 26-inch, 1,000-mile line would mean a loss 
of about 15 million dollars on steel costs (at $166 per ton 
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delivered). On the other hand, where the decision lies be- 
tween, say, 5/16, 95/32, and % versus 5/18 and 9/32, there would 
be more of a case for dropping the 1//4-inch pipe because the 
cost savings are not so appreciable (there might be even 
more of a case for dropping the 5/16 and 96/32). If the decision 
lies between 35/32 and $4 versus $4, there would be a consid- 
erable argument for dropping the 95/32, should the cost differ- 
ences be sligl~t. 
At what station operating pressure should each of these 
possible piping programs be operated? At the maximum 
pressure permissible in accord with the safety factor for the 
initial (thickest) segment of the line. Otherwise, as was 
shown above, there will be more stations built than neces- 
sary, with resultant unnecessary expenditures. 
The number of alternative piping programs which might 
be economically acceptable has now been reduced to seven, 
each of which is operated at the highest operating pressure 
possibIe in accord with the safety factor chosen and the wall 
thickness of the thickest segment of the line. It is now in 
order to compare the costs of these Iines with those of lines 
%-inch throughout. 
To review, what happens when telescoped lines are sub- 
stituted for %-inch pipe throughout? As was indicated above, 
three things happen: (1) the amount of steel used rises, since 
the %-inch pipe has the minimum possible amount of steel; 
(2) the total horsepower required for a given throughput 
rises slightly since the volume of lines within an outside- 
diameter family falls slightly as the wall thickness of the 
pipe increases; (3) the number of stations required falls, 
since the thicker wall pipe, which is stronger, can be op- 
erated at  higher pressures than can the $-inch pipe, which 
is the weakest as well as the lightest in any outside diameter 
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family. The first two changes are in the direction of lower 
costs; the last tends to offset these savings, Does it offset the 
saving sufficiently to lead to a net increase in costs? 
A physical relationship can be deduced between the var- 
ious piping programs and the number of stations; further- 
more this relationship can be priced. Consequently, it is 
possible to determine the optimum combination, so to speak, 
of stations and wall thicknesses for any given throughput. 
Once this is done, any cost savings resulting from lines other 
than $&-inch throughout may be compared with the insig- 
nificant increases in costs arising from increased total horse- 
power. 
The only changes in line costs associated with changes 
in inside diameters within an outside-diameter family are 
the cost of line pipe plus the cost of freight for transporting 
it, A11 other line costs variant with diameter (e.g., pipe 
coating) vary with outside, not inside, diameter and are 
hence the same for all inside-diameter lines in a given 
outside-diameter family. As a result, all changes in line costs 
which would occur from substituting telescoping can be 
related to the changes in steel tonnages required. Both pipe 
and freight costs are a function of tonnage: pipe costs used 
in this study are $145 per ton (1952 prices), while approxi- 
mate average freight costs are $21 per ton, giving a total 
cost of $166 per ton of steel added. This initial outlay 
amounts to $19.3667 per ton per year, assuming a 15-year 
life, four per cent interest rate, and one per cent property 
tax rate. 
The relevant station cost changes can be related to the 
number of stations. What is it that makes it necessary to use 
the smallest possible number of stations for any given inside- 
diameter line? The costs which are common to all stations of 
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a particular type and which, therefore, vary with the number 
of stations used, not with the total horsepower produced, 
It is only changes in these costs which would yield appre- 
ciable savings from decreasing the number of stations; costs 
which vary principally with horsepower requirements (e.g., 
motors, switchgear, etc.) remain almost the same regardless 
of the number of stations used to produce a given horse- 
power. The costs common to all semi-automatic stations 
pumping, as an example, 250,000 barrels per day are sum- 
marized below (again assuming a 15-year life): 
SUMMARY OF COMMON STATION COSTS 
(250,000 B/D; 1952 dollars) 
Initial Outlay 
Initial material costs excluding pumps 
Pumps 
Initial service costs 
Total initial costs $405,335 
Annual Costs 
Initial outlay at 112/5%* 
Operating labor 
Maintenance 
Total per station $102,890 
" 15-year life, 1% per annum property tax, 4% per annum opportunity 
cost (interest). 
The total common cost per station per year is $102,890. Each 
station saved by moving from %-inch pipe throughout to tele- 
scoped pipe will, then, mean an annual saving of $102,890. 
On the other hand, each ton of steel added will mean an 
increased steel cost of $19.3667 per year. If adding a station 
102,890 
saves =. 5313 tons of steel (or more), it is economical 
19.3667 
to add it; otherwise it is not. 
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The required tonnage of steel and number of stations for 
each of the seven potentially acceptable piping programs for 
a 30-inch line carrying 250,000 B/D are shown in Table 1 
and Chart 1. (The 30-inch line is indicated to be the optimum 
outside diameter in Section V.) The process of computation 
first involved determining the pressure drop per mile (60 
SUS, 34" gravity crude) in each size pipe. Then, beginning 
with the optimum pressure for %-inch (the maximum per- 
missible in accord with the safety factor), a computation was 
made of the number of miles necessary for the pressure to 
drop to a level which could be accommodated by the next 
smaIler wall thickness. This was continued until %-inch pipe 
was reached; the mileage of %-inch pipe was determined 
by ascertaining how many miles are necessary before the 
pressure falls to the station suction pressure (assumed to be 
20 p.s.i.). The total mileage of all sizes then gives the total 
pipe mileage between stations. The number of stations is 
determined by dividing the total pipe mileage (here as- 
sumed to be 1050) by the mileage between stations. 
....... ...... Tons No. of .Annual Costs. 
Piping Program Stations Steel Common Total Steel Station 
(000) 
Telescoped-3 in. initial 283.5 
Telescoped-& in. initial 262.5 
Telescoped-$ in. initial 242.9 
Telescoped-3 in. initial 235. 2 
Telescoped-& in. initial 228.5 
Telescoped-& in. initial 223.3 
3 inch throughout 220.2 
Source: See text, pages 49-50. 
NUMBER OF STATIONS 
Tons of Steel and Number of Stations-30-inch Line Carrying 250,000 Barrels Per Day. 
(1000 mile line) 
THOUSANDS OF INITIAL 
TONS 
3 0 0  
2 8 0  
2 6 0 -  
2 4 0  
2 2 0  
OF STEEL WALL THICKNESS 
- 
- 
/EXPENDITURE L INES 
--. 
- 
-. 
. ..- 
-. .
'-1 
-1 . 
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The optimum combination of stations and steel is deter- 
mined by finding the point on the curve in Chart 1 which is 
tangent to an expenditure line derived from the annual costs 
shown above, 
E = PTT + PsS, 
where, 
E = a given expenditure, 
T =tonnage of steel, 
S =number of stations, 
ST = delivered price of steel (per ton), and 
PS = common price of stations (per station). 
Or, substituting the annual prices, 
This may be solved for T as follows: 
Several of these expenditure lines are drawn around the 
curve in Chart 1. The choice is more or less indifferent be- 
tween one-stage telescoping (?& and $-inch pipe) and 
%-inch pipe throughout, but the former is slightly cheaper 
(see Table 1). The saving from one-stage telescoping is so 
small as to be of questionable significance; in any event, the 
small saving would be offset by increased horsepower re- 
quirements. Therefore, it may be concluded that %-inch 
pipe is the most economical piping program for this line size 
and throughput with the prices used. Once this is estab- 
lished, then operating pressure is also removed from the 
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problem as a variable, since the optimum pressure for any 
line has been shown to be the maximum possible. The maxi- 
mum for %-inch, 30-inch pipe is its optimum and is also the 
optimum for all 30-inch pipes, since %-inch pipe carries this 
throughput at less expense than does any other 30-inch 
piping program. 
In summary, wall thickness and operating pressure have 
been removed as variables, for this particular example, leav- 
ing only two variables remaining: (1) outside line diameter, 
and (2) horsepower. This makes the optimum combination 
solution appreciably less difficult. 
Before proceeding to the pricing of these two factors of 
production, it is necessary to investigate the piping problem 
for other examples-lest the reader be disturbed by generali- 
zations based on a single example. 
The optimum outside diameter line size for 200,000 bar- 
reIs per day is (see Section V) 26 inches. The same expendi- 
ture line may be applied to a physical relationship between 
stations and steel (see Chart 2). Here one-stage telescoping 
is the most economical. When this is the case, it is necessary 
to consider the effect of the small increase in total horse- 
power requirements. Such a computation was made, but the 
small increase in horsepower cost was insufficient to change 
the optimum piping program. The net saving relative to 
%-inch pipe throughout is about $17,000 per year. Since 
this is only about 0.4 per cent of total annual common sta- 
tion costs and steel costs, the difEerence may not be sig- 
nificant. Similar computations were carried out for 300,000, 
350,000, and 400,000 barrels per day using 32-inch pipe. These 
computations showed that either %-inch throughout or one- 
stage telescoping were the optimum combinations. The maxi- 
mum difference was some 80 thousand dollars per year, 
CHART 2
Tons of Steel and Number of Stations-26-inch Line Carrying 200,000 Barrels Per Day.
(1000 mile line)
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about 0.5 per cent of the total involved. In these cases the 
economically optimum pressure is again determinant for the 
throughput in question. I t  is a managerial question whether 
%-inch pipe throughout or one-stage telescoping should be 
used when the small cost differences and the problems cre- 
ated by telescoping are considered. 
While this discussion may read like a brief for %-inch 
pipe throughout, it should be emphasized that the most eco- 
nomic of the seven alternative systems depends on the rela- 
tive prices of steel and stations. Should the line be laid in an 
area close to a pipe mill, freight costs and hence the de- 
livered price of pipe would fall. It would, therefore, be eco- 
nomical to substitute steel for stations, i.e., to use telescoping. 
On the otheT hand, should the recent rise in steel prices be 
higher propoi-tionately than any increases in common station 
costs that may have occurred since the end of price controls, 
stations should be substituted for steel, thereby strengthen- 
ing the case for $6-inch pipe. Price changes would, however, 
have to be appreciable before it wouId be possible to in- 
validate the proposition that the most economical piping 
programs are basically %-inch. A 30-inch line using one-stage 
telescoping is 89 per cent %-inch pipe; even completely tele- 
scoped lines, beginning with %-inch pipe, are 50 per cent 
%-inch throughout. As was pointed out above, non-telescoped 
piping programs, other than %-inch, must be rejected, sub- 
ject to the disadvalitages of telescoping, since wall-thick- 
nesses greater than necessary for the line pressures would be 
used. 
Even should the answer be changed by the use of dif- 
ferent prices, changing the answer does not invalidate the 
process used. By the application of the proper prices (de- 
livered steel costs and common station costs) to the physical 
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relationship existing between steel tonnage and number of 
stations, it is possible in any given case to eliminate operat- 
ing pressure and wall-thickness as va~iables, regardIess of 
whether $/4-inch throughout, one-stage, or six-stage telescop- 
ing is used. 
C. Line Diameter and Horsepower 
Now that a method has been estabIished for the removal 
of pressure and wall tllickness as variables, it is possible to 
turn to the most important problem-tlle detelminatio~l of the 
optimum combination of ozbtside line diameter and horse- 
power for any given throughput. This problem can be de- 
scribed more sinlply as the detern~ination of the optimum 
line size for carrying any given throughput. Once a through- 
put and line size are stipulated with safety factor, wall thick- 
ness, and pressure pre-determined, then horsepower is de- 
terminant. 
A physical relationship between horsepower, line diameter 
and throughput may be  worked out by the use of a suitable 
lzydraulic formula. Such a relationship is shown in Table 2 
and Chart 3 for a 1000 mile pipe line having no net gravity 
flow and a five per cent terrain variation. These data encom- 
pass throughputs of 25, 50, 75, 100, 125, 150, 200, 250, 300, 
350, and 400 thousand barrels per day. A number of line 
sizes (outside diameter) have been chosen for each through- 
put; the complete range of line sizes is @&inch through 
32-inch. The thickness of each line has been assumed to 
be %-inch throughout. While this may depart slightly from 
minimum costs where one- or two-stage telescoping is the 
optimum instead of $/4-inch, the departures are insignificant 
in relation to total cost. For example, a test computation for 
a 30-inch line sllowed that the maximum saving from the use 
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COMPUTATION OF HORSEPOWER REQUIRED TO MOVE VARIOUS THROUGHPUTB 
THROUGH VARIOUS IZES OF LINES-USING a-INCEI WALL, 
GRADE "B," A.P.1. ST.~NDARD X-42 PIPE 
(60 SUS, 34' Oil; Safety Factor of 1.8) 
Through- "Optimum" Total Station 
Put Outside Discharge Hydraulic Horse- Number of Barrels Diameter Pressure Horse- power Stations 
per ~ a y  Inches (psi) power (20 psi Suction Pressure) 
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TABZE %-(continued) 
Through. 
Put 
Barrels 
per Day 
150,000 
Outside 
Diameter 
Inches 
"Optimum" 
Discharge 
Pressure 
(psi) 
Total 
Hydraulic 
Horse- 
power 
119,021 
62,019 
34,910 
20,915 
13,171 
8,645 
5,873 
2,945 
9,160 
T:f Number of 
Dower Stations 
(26 psi Suction Pressure) 
60 The Rice Institute Pamphlet 
Through- "Optimum" Total Station 
put Outside Discharge Hydraulic Horse- Number of Diameter Pressure Horse- power Stations 
per Day Inches (psi) power (20 psi Suction Pressure) 
T2.735 
Note: HP= (DL735) (C) 
Where, HP = Total Horsepower 
T=Throughput 
D = Inside Diameter 
C = Constant 
Source: Computed using A.P.I. specifications for line pipe. 
of one- or two-stage telescoping on all throughputs from 
150-400,000 barrels per day amounted to only 0.56 per cent 
of total cost. The statistical advantages arising from uniform 
treatment of the cost problem by the use of %-inch pipe were 
felt far to outweigh any such gain in accuracy as one-half of 
one per cent; furthermore, such a gain might well not be 
statistically significant. Each line is operated at the maximum 
pressure permissible for $!&inch pipe in accord with a safety 
factor of 1.8 relative to the bursting pressure, assuming an 
average tensile strength of 60,000 p.s.i. 
Chart 3 is analogous to a traditional physical production 
function reIating two factors of production (in this case line 
diameter and horsepower) with output (throughput). This, 
as was shown above, is half the information required for 
determining the optimum, i.e., cheapest, combination of the 
LI-VURT J 
Production Function for Crude Oil Pipe Lines, Line Diameter Versus 
Horsepower Versus Throughput. 
(1000 mile lines) 
INSIDE 
MAMETER 
(INCHES) 
-7 fi 
H) 20 90 40 53 60 10 BO 00 
SOURCE: TABLE 2 HORLEWER (TMOUSANOS) 
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two factors. The other half of the required information is 
the price of the factors. It is to the determination of these 
prices that the next three sections of the study will be de- 
voted. It should be noted that these are what might be 
termed "composite" factors of production in that each encom- 
passes many items. For example, the price of line diameter 
includes all initial outlays variant with line diameter, e.g., 
the cost of pipe, pipe coating, anodes, etc. The price of 
horsepower includes all initial outlays for stations (pumps, 
motors, switchgear, buildings, etc.) and all subsequent ex- 
penditures (power, labor, and maintenance) for pumping. 
There are other costs invariant with either line diameter or 
horsepower. These do not affect the optimum combination 
problem, but they cannot be ignored in a complete tabu- 
lation of costs. Consequently, they will be determined apart 
from the more important items in Section IV and added into 
the cost curves in Section V. 
11. COSTS VARIANT WITH D I A M ~  OF LINE 
All significant costs variant with diameter are included in 
the initial outlay for the pipe line. Subsequent expenditures 
on the line proper do not vary sufficiently with diameter to 
be of interest here. Some of the cost items lend themselves 
to engineering computation. Others do not. Where engi- 
neering estimation is feasible, it was used; otherwise actual 
historical cost data were used as the basis for the average 
costs computed for the study. It has been assumed that the 
pipe lines to be designed in this study are trunk lines 1000 
miles in length; however, the costs should be applicable to 
all but the very short lines, say, less than 75 or 100 miles. 
The costs per mile of a 1000 mile line should be the same 
as those of a similar 200 mile line. 
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The pipe lines have been assumed to be 'level." More 
precisely, it has been assumed that there is no net gravity 
flow of oil. In other words, should the end of the line be at 
a lower altitude than the beginning, in order for the costs to 
apply there would have to be sdc ien t  uphill terrain along 
the way to offset this natural gravity pull downward. Or the 
line may have terminals at the same altitudes, but be laid 
across hills; the costs will still apply as long as uphill mileage 
is offset by downhill mileage. (The level line assumption 
affects only the station costs, not the line costs.) An average 
amount of such uphill and downhill terrain might add five 
per cent to the length of the line. Consequently, it has been 
assumed that there is a five per cent terrain variation on each 
of the Iines. This means that there will be 1050 miles of pipe 
between terminals which are 1000 overland miles apart. 
Certain other terrain assumptions were also necessary. 
First, as an approximation based on actual cases, five miles of 
"casing crossings7' were included (crossing beneath high- 
ways, railroads, etc.). In addition, it was assumed that the 
lines would have six miles of river crossings, half over major 
rivers requiring dual lines for emergency use in case of 
breakage. Finally, it was assumed that there would be on 
the average 100 miles of unusually dBcult, rock trench 
digging. 
All costs in the study are based on prices appropriate in 
mid-1952. 
The most important items of line costs which vary with 
diameter are line pipe and the freight thereon, material for 
corrosion protection, line valves and fittings, structural and 
reinforcing steel, and the construction services needed to lay 
the line. These initial costs are summarized in Table 3. While 
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a complete description of the process of computation of the 
costs of the various items is not feasible here, the general 
procedures for the important items will be dicussed in the 
remainder of this section. 
Line Pipe-The computation of line pipe costs involved a 
direct physical determination of the average amount of steel 
required for the various fines covered in the study, followed 
by the pricing of these tonnages with 1952 line pipe prices 
($145 per ton). In order to make these computations, it is 
necessary simply (1) to compute the volume of a given length 
of pipe, in accord with the principles of solid geometry, of 
the required outside diameter and wall thickness (%-inch) 
and (2) to multiply by an average density of line pipe steel 
(0.2833 pounds per cubic foot). The tonnage of steel in, say, 
a mile of pipe can then be multiplied by $145 to get the cost 
per mile of line pipe and by 1050 to get the cost per 1000 
mile line having a five per cent terrain variation. This com- 
putation carried out for each line under consideration gives 
the cost of the most important capital item. 
Additional pipe is necessary for the casing crossings and 
river crossings. (Casing crossing steel consists of an extra 
length of pipe of a larger outside diameter than the main 
line which is used to enclose the line proper where it passes 
under the highway or railroad.) Casing crossings need only 
thin-wall pipe. The cost of this for each line is the cost of 
five miles of %-inch pipe of the next larger outside diameter. 
River crossings require thick-wall pipe in order to mini- 
mize the danger of breaks; furthermore, on wide river cross- 
ings dual lines are used in order to insure service in case of 
breakage. Extra river-crossing steel costs were computed 
from the quantities of steel necessary for (1) three additional 
miles of %-inch pipe for the dual lines and (2) an additional 
%-inch of steel on all crossings. 
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Pipe freight costs, the only freight costs sufEiciently im- 
portant to be distinguished, are a function of the weight of 
pipe used and of the distance of the line from the pipe mills. 
The latter will, of course, depend on where the line is laid. 
Consequently, any general study can only approximate such 
costs. As an approximation, the freight rate from Pittsburgh 
to the Gulf Coast ($21 per ton) was used. Freight costs are 
determined by multiplying steel tonnages by this freight 
rate. 
Cof'rosion Protection-Pipe coating is used to protect the 
pipe from the corrosive action of the soil in which it is laid. 
The coating costs used here follow the best practice which 
requires, first, the application of a primer (a thinned solu- 
tion of coat-tar pitch) to the cleaned surface of the pipe in 
a coat of negligible thickness. Second, a coat of hot coal-tar 
enamel is applied to a thickness of, on the average, some 
3/32 inches. Third, a fiber glass paper fabric is laid on the 
enamel while the enamel is still molten, with a spiral wrap- 
ping and a lapover of about 3/4 inch on the average. Finally, 
the cooled enamel, already impregnated with the fiber glass 
paper, is coated with a spiral wrapping of asbestos felt paper, 
again with a lapover of about 3/4 inch. In order to compute 
the costs of pipe coating, the physical quantities of each 
layer necessary to cover 1050 miles of each size of pipe were 
first determined. This computation involved, basically, the 
determination of the surface area to be covered, together 
with thiclmess allowances where necessary. The physical 
quantities necessary were multiplied by prices from a leading 
manufacturer to get dollar costs. 
Magnesium anodes are eventually installed on most pipe 
lines as a further means of protection from the corrosive 
effects of the soil. If a line were completely coated in accord 
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with the best coating practices, there would be no need for 
anodes. However, parts of the line cannot be coated, e.g., 
the line valves. For this reason anodes are used eventually on 
most lines. It should be apparent that anode requirements 
will vary widely from pipe line to pipe line (indeed along 
the same line) with variations in the type of soiI through 
which the line is laid and with variations in the amount of 
surface coated. In order to compute anode costs it was neces- 
sary to choose averages based on actual experience. A lead- 
ing consulting corrosion engineer estimates that on the 
average a line coated in accordance with the best practices 
will have not more than two per cent bare surface; an average 
current required to protect the line is two milliamperes per 
square foot of exposed metal surface. Cathodic protection is 
usually designed to last ten years. Each pound of magnesium 
can generate 500 ampwe-hours of current before being com- 
pletely sacrificed. The amount of magnesium required can 
then be computed from the following relationship: 
Weight of magnesium required 
- 
(.02) (area of 1050 miles of pipe) (.002 amps) (no. of hours in 10 years) 
500 ampere-hours per pound of magnesium 
= 0.0070128 (area of 1050 miles of pipe). 
This required weight of magnesium was converted to dol- 
lars by multiplying by an appropriate price per pound for- 
nished by a leading manufacturer of anodes. This price 
varies with the size of the anode; that chosen was the price 
per pound of the most common size, uiz., seventeen pounds. 
The number of anodes must also be computed in order to 
determine backfill and connecting-wire costs. This is done 
by dividing total magnesium requirements by seventeen and 
multiplying by appropriate backfill prices. 
Other Line Costs-Other line costs do not readily lend 
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themselves to a priori engineering estimation. Of these the 
most important is the construction service charge for laying 
the line. Such prices are bid prices and are, therefore, to 
some extent a function of competitive conditions at  any 
given time. The costs used in this study were estimated by 
a pipe line general contracting company on the basis of 
actual costs on some forty projects of varying diameters and 
lengths with which this company has been associated. This 
construction fee contains allowances for construction ma- 
terials, e.g., lumber and concrete (or cement). The engineer- 
ing and dabor costs were derived from the same source. 
The other important materials costs are those of struc- 
tural steel and line valves and fittings. These costs were also 
based on actual cost data provided by the general contractor. 
While it is possible to compute valve costs if the type and 
number of valves required can be generalized, it is not pos- 
sible to make any general statement on the number required 
on any given line. These valve costs include the cost of 
large block valves, any fittings used to install them, and the 
cost of motor operators for the valves. The necessity for 
installing such valves varies from line to line depending on 
such things as the number of river crossings (as opposed to 
the number of miles of river crossings), the number of hills 
crossed, etc. On the basis of the actual cases covered by the 
general contractor's data, it would appear that block valves 
are used on the average about every thirty miles, although 
the spacing may be irregular; in other words, on the average 
it would be expected that about 33 main gate valves would 
be used on a 1000 mile pipe line. On this basis, costs of such 
valves and fittings were determined by the contractor for 
each size of line. (It should be noted that these valves do not 
include the block valves on each side of pumping stations.) 
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The cost of structural steel, used principally in river cross- 
ings, are also derived from actual costs. Other minor costs 
variant with line diameter are discussed in Section IV. 
Total horsepower costs are computed by multiplying costs 
per station by the number of stations on a given line. The 
number of stations on each line covered in the study is 
shown in Table 2 above. The process of computation is to 
divide the total pressure drop determined from the hydraulic 
formula by the station operating pressure (the maximum at 
which the line can be operated) less the station suction pres- 
sure (assumed to be 20 p.s.i.). This minimizes the number of 
stations and hence minimizes costs. 
Horsepower costs, unlike line diameter costs, consist of 
both initiaI expenditures for building the stations and sub- 
sequent expenditures for operating and maintaining them. 
The remainder of this section will be concerned with a sum- 
mary description of the computational process for initial and 
subsequent station costs respectively. 
The stations for which costs were computed have the 
following characteristics. (I) They are of the "semi-automatic" 
type; that is, automatic controls are used within the sta- 
tions but the stations are not controlled electronically from a 
central office. The labor force required is two men per shift. 
(2) Electric motors and centrifugal pumps are used. Fol- 
lowing what seems to be average industry practice (see 
Appendix A) stations on lines having throughputs less than 
100,000 barrels per day have two full-size pumps (and 
motors) and one half-size pump (and motor). The two full- 
size installations can develop the total station horsepower. 
For throughputs over 100,000 barrels per day, 3% pumps 
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and motors are used. This balances the desirability of having 
flexibility of operation with constant speed motors against 
the desirability of using more economicaI large motors (motor 
prices per horsepower decrease with motor size up to 2000 
horsepower). 
(3) The stations each include: a pumphouse having a pump 
room, office, and control room; one auxiliary buiIding con- 
taining garage space and the station heating plant; two 
cottages for housing the station chief and assistant chief; 
outside power and lighting and a substation; and the neces- 
sary site improvements (roads, fences, sewers, etc.). 
(4) Each station utilizes in-and-out piping to permit repair 
of one pump without having to shut down the whole station. 
A. Initial Station Costs 
Initial station costs may be divided into five categories: 
(I) those common to aU stations of a given type; (2) those 
variant with the number of pumps and motors (and hence 
common to all stations having the same number of pumps 
and motors); (3) those variant with throughput; (4) those 
variant with horsepower; and (5) those variant with line 
diameter. Each of these will be discussed in turn. 
Costs Common to All Stations-Table 4 shows the total 
cost per station of each part of the station which has a cost 
invariant with either horsepower, the number of pumps, 
throughput, or line diameter. These parts include outside 
improvements, water supply, service tanks, cottages, auxilialy 
buildings, heating plant, etc. The 'cmiscellaneous machinery 
and equipment" category in Table 4 includes a statiorl inter- 
communication system, fire protection equipment, office 
furniture, and machines, tools, etc. The "miscellaneous" cate- 
gory includes principally the station pump system. 
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Since these costs do not lend themselves readily to a priori 
engineering estimation, they were in general computed from 
actual costs, The material costs were based on data pro- 
vided by a pipe line company. These data cover five stations 
on a recent large-diameter line. Labor costs for site improve- 
ments were averaged from two engineering estimates and a 
set of actual costs. Labor costs for the auxiliary building were 
computed in the same manner as those for the pumphouse 
which is discussed beIow. 
TABLE 4 
INVARIANT INI IAL STATION COSTS 
(1952 Dollars) 
Con- Engi- Ma- Labor struction Freight Mering 
terials Total Service 
Outside Improve- 
ments 
Water Supply 
Service Tanks 
Machinery & 
Equipment 
Employee Housing 
Auxiliary Building 
filiscellaneous 
Total 
$12, ooo 
3,600 
11,300 
700 
12,700 
8,500 
11, SO0 
$60,600 
Source: See test, page 70. 
Cost Variant With Number of Pumps and Motors-The 
principal item in this category is the pumphouse, the cost of 
which varies somewhat with the number of pumps and 
motors installed, To a large extent, pumphouse costs are 
fixed in respect to the number of units installed; but more 
units require more floor space, and hence mean higher costs. 
There would probably be some variation with the size of 
pumps and motors, but this is negligible and may be ignored 
for the computation of typical costs, (Actual cases were 
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found where small installations used more floorspace than 
large.) This study will require only two pumphouse sizes, 
one for 2%-pump stations and one for 3%-pump stations. 
Pumphouse costs are summarized in Table 5. 
PUMPHOUBE Coma 
23 Pumps 3* Pumps 
Fixed: 
Equipment 
Engineering 
Variant: 
Materials 
Labor 
Construction 
Freight 
Total 
Source: See text, pages 71-73. 
Pumphouse costs largely invariant with floorspace include 
plumbing fixtures, overhead crane, exhaust fans (for rooms, 
not for motors), wiring, etc. These material and equipment 
costs were determined from actual. costs of four stations. 
Pumphouse costs variant with the number of units in- 
stalled include principally the building items which vary with 
floor space. These costs were computed on the basis of 1200 
square feet for the control room and office, and 1800 and 
2250 square feet for the pump room for the 2%- and 
3%-pump stations respectively. These floor space data were 
the approximate minimum space provided in eight different 
station plans for stations built on five recent large-diameter 
lines. For example, pump room floor space in these stations 
ranged from 2250-2700 square feet. The smallest figure was 
used in this study on the theory that if one line can be 
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operated with this space, others can; any extra space, then, 
is not essential. 
The variant materials cost ($5.85 per square foot) was com- 
puted from actual cost data of five stations. The labor costs 
($8.45 per square foot) were based on two engineering esti- 
mates and actual costs of four stations. The other service 
costs were estimated from actual costs of four stations, The 
total costs per cubic foot are $1.74 and $1.68 for 2%- and 
3%-pump stations respectively; this may be compared with 
an average of $1.67 for seven 3%-pump stations which were 
not used in the computation. 
In addition to pumphouse costs, the amount of certain 
auxiliary equipment items used depends in part on the num- 
ber of pumps installed. These items include such things as 
motor and pump foundations, pump and motor control and 
measuring instruments, the cabinets and panelboards for 
these instruments, instrument wiring, an air compression 
system to operate the instruments, foundations for the pumps 
and motors, etc. These costs amount to $21,563 and $25,393 
for 2%- and 3%-pump stations respectively. 
Costs Variant With Throughput-The items classified in 
this category are the main line pumps. In accord with the 
current industry trend, and because they are cheaper, cen- 
trifugal pumps are used. The data were provided by a pump 
manufacturer. Prices are constant for rather wide ranges 
of throughputs. Table 6 shows the number of pumps, pump 
eEciency, and total pump costs for each throughput covered 
by the study. As was noted above, for purposes of flexibility 
2% pumps are used on lines having throughputs less than 
100,000 barrels per day, while 3% pumps are used on the 
Iarger lines. On the advice of a pump company, 3600 RPM 
pumps were used for throughputs less than 150,000 barrels 
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pet day, while 1800 RPM pumps were used for the larger 
throughputs. 
TABLE 6 
PUMP COSTB PER STATION 
Throughput Number of Approximate Total Pump Cost Pumps per Efficiency (Barrels per Day) per Station Station (Per Cent) (Dollars) 
25,000 g4 74 16,000 
50,000 52 i 81 16,800 
75,000 94 81 252,800 
100,000 3g 81 95,000 
125,000 34 83 95,000 
150,000" 34 80 44,900 
200 ,000 33 85 49,500 
250,000 33 85 49,500 
300,000 34 86 77,450 
350,000 33 88 77,450 
400,000 33 90 77,450 
Note: * At throughputs less than 150,000,3600 RPM pumps were used. 
At throughputs of 150,000 and over, 1800 RPM pumps were used. 
Source: Provided by a manufacturer of pumps. 
Costs Variant With Horsepower-This category includes 
the main line motors, switchgear, and blowers to cool the 
motors. Again in accordance with current industry practice, 
electric motors (constant speed, totally enclosed, base-venti- 
,2 motors lated) are used to operate the pumps. There are 2l'
for lines having throughputs less than 100,000 barreIs per day 
and 3% motors on lines having greater throughputs. The same 
RPM assumptions were, of course, made for motors as for 
pumps. 
While it is possible to use one type pump for several dif- 
ferent stations, it is necessary to compute motor costs for 
each station. Since motors are available only in discrete sizes, 
many stations in the end have the same motor costs; how- 
ever, it was necessary to compute costs for each. The process 
of computation was as follows: (1) the hydraulic horsepower 
required for each station (determined in Table 2) was divided 
by the efficiency at which the pump is operated in order to 
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get the motor horsepower which must be installed in order 
to develop the required hydraulic output horsepower; (2) the 
appropriate actual size of motor available was chosen for the 
required installed motor horsepower (this must be the next 
actual size above the required horsepower, since the re- 
quired throughput could not be achieved for long periods 
with the next lower size without danger of over-heating). 
This size of motor was priced in accordance with current 
price quotations obtained from two principal motor manu- 
facturers. (Approximate averages of these two quotations 
were used in order to avoid disclosure of individual prices.) 
The total station motor costs for main line motors were then 
determined by multiplying the price of the full-size motor 
by the number of such motors and adding the cost of the 
half-sizemotor. Motor costs per station for each line are shown 
in Table 7. 
Blower costs per station depend on the number of motors, 
since there should be one blower per motor. In addition 
blower costs vary somewhat with the horsepower rating of 
the motor, since larger motors generate more heat and hence 
require more cooling. I t  was found from a comparison of 
several actual blower costs and the horsepowers of the 
motors they cool that blower costs could be approximated by 
adding a small amount per horsepower to a fixed minimum 
cost. The computational system used was $290 plus $1.23 
per installed horsepower. The appropriate blower costs per 
station are shown in Table 7. Costs per station were deter- 
mined by multiplying the blower cost for the main motor by 
the number of full size motors and adding the cost of the 
blower appropriate to the half-size motor. These blower costs 
include the cost of a small motor used to run the fan, since 
such units are apparently bought as a whole. 
Costs of switchgear for large motors are high. The switch- 
gear costs in a pumping station are in the same magnitudes 
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MATERIAL COSTS VARIANT WITE HORSEPOWER O  LINE DIAMETEB 
(1952 Dollars) 
Throughput and Installed --Materials and Equipment Cost per Station- 
Outside Diameter Motor 
(Barrels (Inches) Horse- Motorsa Switch- Blowers 
per Day) power gear Piping 
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TABLE 7-(continued) 
Throughput and Installed -Materials and Equipment Cost per Station- 
Outside Diameter Motor 
(Barrels (Inches) Horse Motorsn Blovers Station 
per Day) power gear Piping 
400,000 04 6,150 67,200 82,533 2,594 108,323 
20 6,050 66,300 81,191 2,571 122,118 
30 5,200 57,700 69,782 2,356 133,024 
32 5,200 57,700 69,781 2,356 138,524 
Note: a-2+ hIotors for throughpt~ts less than loo,O00 barrel3 per day; 3% Biotors 
for larger throughputs. 
Source: See text, pages 74-75 and 78-81. 
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as the motor costs themselves. Switchgear costs are roughly 
proportional to installed horsepower of the motors, at least 
in the ranges of station horsepower covered in this study. 
Since there is no relatively simple way of estimating switch- 
gear costs on an a priori engineering basis, an investigation 
was made of actual switchgear costs on four recent long 
crude lines (one 26-inch, one 24-inch, one 22-inch, and one 
18-inch). The total installed horsepower on these lines (rang- 
ing from 14,209 horsepower to 22,800 horsepower), their 
total switchgear costs, and the resulting costs per horsepower 
of switchgear are shown in Table 8. 
SWITCHGEAR COSTS 
(1952 Dollars) 
Total Total Switchgear 
Installed Switchgear Cost 
Motor HP* Cost* per HP 
Pipe Line ''A" 14,209 $192,248 $13.53 
Pipe Line "B" 22,800 296,570 13.01 
Pipe Line "C" 21,750 313,298 14.40 
Pipe Line "D" 19,950 255,000 12.75 
Averaee $13.42 
Note: * Sum of all stations. 
The service costs of installing the pumping equipment are 
as follows: 
SERVICE COSTS OF INSTALLING PUMPING EQUIPMENT 
(1952 Dollars) 
2% Pumps 3% Pumps 
Labor $12,300 $16,400 
Construction Service 10,900 14,600 
Freight 1,600 2,100 
Engineering 2,900 ,3,900 
TotaI $27,700 $37,000 
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Costs Variant With Line Diameter-Some of the initial out- 
lays for stations vary in part with line diameter. These en- 
compass the costs of station piping. This is oil piping, as 
opposed to piping for the sewer and pump systems, which 
have been covered above. The station piping may be divided 
into two categories: (I) piping around the pumps; and 
(2) piping at the connection to the main line. The term 
"piping" includes pipe, valves, fittings, motor operators for 
the valves, and wiring for the operators. 
(1) Pump Piping: The stations on these lines use "in and 
out" piping to permit maintenance operations on individual 
pumps without closing down the station. That is, each pump 
will be connected in such a way that it can be by-passed 
without shutting down the station. This system is depicted in 
Figure 3 below. 
1 I 
PUMPHOUSE 
X -GATE VALVE 
1)-CHECK VALVE 
FIGURE 3. "In and Out" Pump Piping. 
Pump piping costs include the costs of all valves, fittings, 
motor operators, and the pipe from valve (1) to valve (2) in 
Figure 3. The equipment costs for pump piping were deter- 
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mined by aggregating the number of vaIves, operators, re- 
ducers, tees, etc. needed in appropriate sizes and pricing 
according to principal manufacturers' price quotations. The 
appropriate sizes were determined by the size of the intake 
opening on the pumps. There were six such sizes used; this 
necessitated the computation of six sets of pump piping 
costs, Since these costs depend on the size of the pumps, 
which in turn depends on throughput, pump piping costs 
may be said to vary with throughput. 
(2) Connection piping costs cover the block and connect- 
ing valves and fittings which join the station to the main line 
and the scraper trap and its fittings (a "scraper trap" is a 
piping system used to insert a cleaning device, called a 
FIGURE 4. Connection Piping. 
"pig," in the line). Connection piping is illustrated in Fig- 
ure 4. The process of computation of equipment costs was the 
same as for pump piping. I t  is the connection pipe costs 
which vary with line diameter, since they depend on the 
size of the main line. 
Since total pipe costs vary with both line diameter and 
throughput, there is a different pipe cost per station for each 
line covered in the study, The material costs are shown in 
Table 7 above. 
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The service costs of installing piping are as follows: 
SERVICE COSTS OF INSTALLING PIPING 
(1952 Dollars) 
2% Pumps 3% Pumps 
Labor $21,200 $26,500 
Construction Service 1,000 1,300 
Freight 2,000 2,800 
Engineering 100 100 
Total $24,300 $30,700 
Summary-Total initial costs per station and per 1000 miles 
are shown in Table 9. 
13. Subsequent Station Operating Costs 
Station operating costs incurred subsequent to the building 
of the line are much more important in relation to total cost 
than are initial station costs. The subsequent costs are, how- 
ever, more readiIy computed. It is ironic in pipe line costing 
that the item requiring the most effort, uix., initial station 
costs, is not of major importance (relative to total costs) on 
economic lines. There are three major subsequent station 
cost items. In order of importance they are the costs of 
electric power, labor, and maintenance. 
Electric Power Costs-Annual electric power costs per sta- 
tion for capacity operation of each line were computed by 
the following process. (I) Required station hydraulic horse- 
power (see Table 2) was divided by pump efficiency (see 
Table 6), motor efficiency (assumed to average 94 per cent), 
and coupling efficiency (assumed to average 98 per cent) in 
order to determine the required horsepower input for pro- 
ducing the necessary hydrarilic horsepower output. 
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INITIAL STATION COSTS PER STATION AND PER 1000 MILES 
(1952 Dollars) 
Throughput and Total Total Station 
Outside Diameter cost per of capital cost 
(B~rrels Station Stations per per 1000 miles 
per Day) (Inches) @ollars) 1000 miles ($000) 
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Throughput and Total 
Outside Diameter Cost per Number of 
(Barrels Station Stations per 
Per Day) (Inches) (Dollars) 1000 
Total Station 
Capital Cost 
per 1000 miles 
($000) 
23,010.1 
13,697.1 
8,483.8 
5,685.1 
3,923.9 
2,838.2 
2,107.8 
1,230.7 
1,007.8 
Source: Section 111-A. 
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(2) This power input per station was priced by converting 
to kilowatt hours per year and multiplying by eight mills 
per KWH, thereby giving power cost per station per year. 
(3) Cost per station was converted to cost per line by 
multiplying by the number of stations on each line (see 
Table 2). 
Costs per station for capacity operation are shown in 
Table 10; costs per line are shown in Table 11. These power 
costs are, of course, not applicable to all pipe lines, since 
prices of electric power vary from region to region. In  any 
given actual situation, should power costs be higher it would 
be economical to use larger (outside-diameter) pipe than 
indicated in Section V and fewer stations. In addition, one-, 
two-, or perhaps three-stage telescoping might become the 
economic piping program, since steel would be substituted 
for stations in the con~putations in Section I. 
Operating Labor Costs-A labor crew consisting of a sta- 
tion chief engineer, an assistant chief engineer, six operating 
engineers, and one yard and general utility man was selected 
for each station. Such a crew is necessary for three-shift 
operation with two men on duty each shift (eight men work- 
ing a basic 40-hour week, with a 48-hour week for two of 
the eight each week). I t  will be recalled that the stations 
used in this study are the "semi-automatic" type in which 
all pumping equipment is controlled from the control room 
(as opposed to having either manually operated valves or 
stations operated from a central control office by electronic 
equipment). Two operating men are needed on each shift, 
one, say, to operate the station controls (pumps, motors, 
piping, and taaks), while the other is available for any 
maintenance, communication, or other duties that might 
have to be performed, 
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AXNUAL ELECTRIC POWER COSTS PER STATION 
(1952 Dollars) 
Throughput Outside Annual Power Station Cost per Station (Barrels per Diameter 
Day) (Inches) HP (Capacity Operation) ($000) 
The Rice Institute Pamphlet 
Throughput Outside Annual Power Station (Barrels per Diameter Cost per Stntion 
Day) (Inches) HP (Capacity Operation) ($000) 
Source: ~eeitext, pages 81 and 84. 
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TOTAL ANNUAL WAGE, POWER, AND WAINTENANCE COBTB 
(1952 Dollars) 
Horse- 
Through- Line Power Main- 
put Diameter (Capacity Wages tenance Tatal 
Operation) 
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TABLE 11-(conti~~ued) 
Horse- 
Through- Line Power Wages Main- put Diameter (Capacity tenance Total 
Operation) 
Source: Section 111-B. 
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Each station requires the same size crew regardless of its 
horsepower capacity. Of course if the horsepower were in- 
creased to very high levels with, say, twice as many motors, 
then one or two more men might be needed on each shift. 
Mr. Hughes in his thesis added a man to stations having 
more than 2400 horsepower5 (with diesel engines). I-Iowever, 
it would appear that the nunzber of motors (and pumps) is 
more important than the installed horsepower of the station 
in determining the llumber of workers necessary. Doubling 
tile number of punlps and motors would also double the 
number of punlp piping valves and would increase the num- 
ber of controls to be watched by the operator; furthermore, 
it would mean twice as many punlps, motors, blowers, and 
pump piping valves to maintain. On the other hand, simply 
raising the horsepower of each of three or four motors does 
none of these things. In any event, one known large pipe 
line with stations of 4750 installed horsepower each, utilizes 
two-man shifts. 
The labor costs were computed on the basis of the follow- 
ing annual salaries: station chief, $6,250; assistant chief, 
$5,750; six operators, $5,250 each; yard man, $3,500-giving 
a total annual wage bill per station of $47,000. The total 
station labor costs for each line are indicated in Table 11 
(any one cost was determined by multiplying the annual 
station wage bill by the appropriate number of stations). 
These annual wages were based on 1951 salary data pub- 
lished by the Interstate Commerce Commission.~verage 
1951 wages were computed by dividing the ICC data on 
total payments to selected classes of employees (covering all 
lines operating in interstate commerce) by the number of 
such employees. The 1951 wages were then inflated to 1952 
dollars by the percentage change in the Bureau of Labor 
90 The Rice Institute Pamphlet 
Statistics wage series for oil company workers (refinery work- 
ers, since the BLS releases no series on pipe line employees), 
This computation is summarized below: 
ICC 1951 Wage in Figure Used 
Employee Average Wage 1952 Dollars in Study 
Foremen $5,515 $5,967 $6,000" 
Station Engineers 4,834 5,263 5,250 
Laborers 3,255 3,521 3,500 
" The chief station engineer was entered at $6,250, while the assistant 
chief was entered at $5,750. 
Maintenance Expenditures-Maintenance expenditures are 
of minor importance relative to those for power and labor 
costs. Consequently, only one source was used for mainte- 
nance costs. The costs used were based on actual expenditure 
data provided to Mr. J. H. Sybert by the Magnolia Petroleum 
Company in 1947.7 Mr. Sybert's actual costs were inflated 
in approximately the same proportions as the increase in the 
BLS series on electrical machinery prices (an increase of 
about 21 per cent). 
Maintenance expenditures cover repair materials for the 
station equipment, lubricants, parts, etc. (not maintenance 
labor, which is covered by the station labor computation). 
These expenditures might be expected to vary somewhat 
with the size of pumps and motors, as well as with the num- 
bers thereof. A given part for a large motor might cost 
somewhat more than the same kind of part for a small motor. 
However, the principal variation would be caused by the 
number of motors and pumps (and hence of pump piping 
valves, blowers, controls, etc.) serviced. The maintenance 
costs were therefore conlputed on the basis of $2,150 per 
pump per year. This might understate slightly for motors 
larger than those used as the basis for computation (600 HP) 
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and overstate slightly for smaller motors. However, all sta- 
tions in the study have the same number of certain items 
(e.g., some pumping controls, connecting piping valves, etc.); 
to this extent maintenance costs for both sizes of stations 
would tend to be the same. Because of these offsetting varia- 
tions it was not felt to be too unreasonable simply to vary 
maintenance costs with the number of pumps and motors, 
At $2,150 per pump per year, annual costs would be $6,450 
and $8,600 for 2%- and 3%-pump stations respectively. Total 
annual maintenance costs for each line are shown in Table 11 
above. These were determined by multiplying the cost per 
station by the appropriate number of stations. 
Summary-Total annual subsequent station operating ex- 
penditures are shown in Table 11. 
IV. MISCELLANEOUS COSTS 
Before proceeding to the determination of the optimum 
line size in Section V, it is necessary to compute costs of 
items which vary with neither horsepower nor line diameter 
in order that these miscellaneous costs may be added to the 
least expenditures for the two principal composite factors of 
production, Miscellaneous costs, like horsepower costs, fall 
into two categories: initial outlays and subsequent annual 
expenditures. In this case, however, it is the initial outlays 
which are more important, Some of the costs to be discussed 
in this section depend on length of line or throughput; others 
are almost invariant regardless of the length, diameter, or 
throughput of a line. 
A. Initial Miscellaneous Costs 
The principal initial costs invariant with horsepower or 
line diameter are the costs of a communication system, sur- 
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veying the right-of-way, damages to land crossed, tankage, 
and the final terminal. 
Communication System-The lines in this study are 
equipped with a microwave communication system. The cost 
of such a system depends upon the length of the line. 
Table 12 indicates the approxinlate per mile costs of such a 
system. The total cost for a 1,000-mile line is some 700 thou- 
sand dollars. These costs are based on actual costs from sev- 
eral recent projects. They assume an average tower spacing 
of 30 miles (175-foot towers) and a twelve cl~annel com- 
munication system. 
TABLE 1% 
MICROWAI-E CO~~~~UNICATIONS COST FOR I,OOO-MILE PIPE LINE 
Total Cost Cost per Item Mile 
Engineering and Test $ 42,000 $ 42.00 
Emergency Power (Generators) 70,000 70.00 
Buildings nnd Fences 70,000 70.00 
Towers 84,000 84.00 
Channeling Equipment 70,000 70.00 
Radio Equipment 364,000 364 .OO 
Total $700,000 $700 .OO 
Source: See test, page 92, 
Surveying and Damages-Costs of surveying the right-of- 
way and the payment of damages and right-of-way fees to 
land owners would not be expected to vary with either line 
diameter or horsepower. Data from a pipe line general con- 
tractor (see Section TI), indicate an average cost per mile for 
surveying of $400, but show damages and right-of-way 
expenditures which increase with diameter. The latter as- 
sumption was rejected upon the advice of other industry 
sources. The figure chosen for this study is that indicated by 
the contractor for the middle size of pipe, uix., $1,760 per 
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mile. This cost plus the surveying cost gives an average cost 
per mile of $2,160, and an average cost per 1000-mile line 
of $2,160 thousand. 
This may be compared with the corresponding cost per 
mile of two recent large-diameter lines (aggregating 1720 
miles): $2,209 per mile. A larger number of actual costs was 
not available because five of the principal recent projects 
were built on existing rights of way, thereby eliminating the 
necessity of making extensive surveys and right-of-way pay- 
ments (damage costs, of course, would be incurred even on 
these lines). 
Tankage-Another initial cost of considerable importance 
is that of tankage (tank costs are of the same magnitude as 
initial station costs on larger economic lines). Tankage costs 
would be expected to depend primarily on the throughput 
of the line. The larger the throughput, the more tankage is 
needed at the beginning and end of the line and along the 
line in case of breakage. In addition, tankage costs also de- 
pend to some extent upon the number of companies owning 
the line, the kind of crude shipped, and the length of the 
line, The more companies which own the line, the more tanks 
will be needed at the originating station-if each company 
demands separate shipment of its oil. However, if the com- 
panies utilize common stream shipment, then it is not so 
necessary that each have its own inventories on the site at 
all times. If several kinds of crude are shipped, then more 
tankage is required. If the line is very long, then somewhat 
more tankage will be needed simply because there are more 
miles of pipe and hence more places for breaks; on the other 
hand, some lines use no tanks at all along the line (e.g., 
Interprovincial). In  spite of these factors, the basic deter- 
minant of tankage is apparently throughput; all tankage 
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costs in this study were a function of throughput. Some 
allowance for other factors was automatically made, since 
a capacity-throughput relation was detelmined from averag- 
ing actual cases. 
In order to determine the relationship between tankage 
and throughput, an investigation was made of working tank 
capacity on nine major trunk lines (see Table 13). The 
number of days' supply of storage capacity (throughput per 
day divided by working tank storage capacity) for these 
lines ranges from 11.90 days to 23.90 days. However, seven 
out of nine lines have between 11.90 and 12.90 days7 supply. 
The arithmetic mean of these seven is 12.43 days' supply. 
The mean of all nine lines is 13.95 days; the median of all nine 
is 12.62 days. I t  was decided to use a figure equal to 12.5 
times the throughput of the line for average total tankage 
capacity. 
Knowing total tankage capacity is, however, not sufficient 
for the determination of tankage costs. The cost per barrel of 
capacity of a tank decreases with the size of the tank because 
of the volume-area relationship. It is, therefore, necessary to 
know either the average cost of various lines for tankage 
in relation to their capacity or an average size of tank. The 
former figure was not available; from such actual data as 
were available it was found that a 55,000-barrel tank was 
formerly most representative of the size used on trunk lines 
along the line. However, the current tendency is to utilize 
large tanks at terminal tank farms and in some cases along 
the line. Not only are they cheaper per barrel of capacity, 
but some companies seem to feel that they give less operating 
difficulty. Furthermore, less auxiliary equipment (e.g., 
switches, valves, etc.) is needed with a small number of large 
tanks than with a large number of small tanks. Typical costs 
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per barrel of several common sizes of tanks are shown in 
Table 14. 
ACTUAL TANKAGE CAPACITY 
Nine Large Crude Lines 
Initial 
Tankage Throughput supply Days' of 
Capacity Capacity 
(Barrels) (Barrels Storage 
per Day) Capacity 
Pipe Line "A'' 
Pipe Line " B  
Pipe Line "C" 
Pipe Line "D" 
Pipe Line " E  
Pipe Line "F" 
Pipe Line "G" 
Pipe Line "H" 
Pipe Line "I" 
Average 
Average excluding Line "G" and Line "I" 
Source: Derived from trade journal reports and information obtained from private 
sources. 
TYPICAL TANKAGE COSTS FOR COMMON SIZES OF FLO-~TINQ ROOF TANKS 
Capacity Tank Cost per BarrelL 
55,000 $1.00 
80,000 .95 
190,000 .90 
150,000 .90 
Note: * Includes tank proper and erection labor. 
Source: Computed from prices quoted by a floating roof tank manufacturer. 
A11 average of $.95 was chosen, since costs on the larger 
tanks are about constant and since some consideration shouId 
be given to the smaller tanks. This average is made up of 
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$.570 for the tank and $.380 for erection labor. In addition, 
tank costs should include allowances ior foundations and 
paint, The corresponding costs per barrel are: $,0175 for 
foundations, $.0260 for painting labor, and $.0065 for paint. 
The total per barrel from these data is $1.000. That the total 
per barrel costs add up to $1.000 is the result of coincidence, 
not premeditation. These figures may be compared with 
actual costs on two recent projects of $0.94 and $1.02. 
In addition to tank costs proper, it is necessary to include 
costs of Jines connecting the tanks to the main line, valves, 
wiring for the operators, etc. An average of $0.3436 per 
bassel of tank capacity based on actual costs from three 
recent large-diameter crude lines was used for these items. 
One other minor cost associated with tanks must be 
noted, uiz., land costs, The average size tank used was 80,000 
barrels. Such a tank has a diameter of about 115 feet. In 
accord with information furnished by the tank company 
which furnished the tank prices, approximately two diameters 
will be assumed between tanks. This would mean 2.75 acres 
per tank, or 2,75/80,000 acres per barrel of tank capacity. 
For the various throughputs used, tank land costs would be 
as follows at $100 per acre: 
Th~oughput 
(Barrels per day) 
25,000 
50,000 
75,000 
100,000 
125,000 
150,000 
200,000 
250,000 
300,000 
350,000 
400,000 
Tank Land Cost 
$ 1,074 
2,148 
3,223 
4,297 
5,371 
6,445 
8,594 
10,742 
12,891 
15,039 
17,188 
Costs of Operating Crude Oil Pipe Lines 97 
Total tankage costs for the various throughputs used are 
shown in Table 15. 
S ~ A R Y  OF TANK COSTS 
(1952 Dollars) 
Throughput 
(Earrels per Tanks 
Day) 
Lines and 
Manifolds Total 
Source: See text, pages 93-96. 
End Terminal-The final terminal was assumed to include 
a manifold containing five valves the size of the main line 
from which oil may be distributed to the various owners or 
shippers using the line. In addition the manifold was as- 
sumed to have connections to such tankage as may be 
located at the terminal (all tankage costs were covered in 
the immediately preceding paragraphs). Finally, there should 
be a conlbination warehouse-control building housing the 
valve controls; this building was assumed to have 1,000 
square feet of floorspace of the same construction used for 
the station pump houses. 
The costs of part of a terminal are fixed regardless of the 
line size. These costs amount to $67,000 (based on two re- 
cent projects); these are shown for the lines of the sizes used 
in the study in Table 16. Certain costs, notably the main 
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line valves, vary with line diameter. Since they influence the 
choice of optimum line size, these costs are included in the 
summary table (Table 3) in Section 11. 
TABLE 16 
TERMINAL COSTS INVARIANT WITH LINU DIAMETER 
(1952 Dollars) 
Materials 
Freight 
Engineering 
Labor 
Construction 
Total $66,952 
Source: See text, page 97. 
Minor Items-Finally there are certain minor items, the 
costs of which vary principally with the length of the line. 
On the basis of accounting records of a recent project, such 
construction materials as sand and gravel, fence posts, cul- 
verts, etc., were found to amount to the inconsequential 
sum of $23,100 per 1,000-mile line. Other minor items con- 
sumed by the construction crews amount (at ten spreads per 
1,000-mile line) to some $4,900, plus the cost of pigs. This 
cost varies with the diameter of the line. Hence the pig 
costs for each line size are included in Table 3 with other 
costs variant with line diameter. 
Summary-The initial costs computed in this section, ex- 
clusive of some terminal costs and pig costs, are summarized 
by throughputs in Table 17. 
B. Subsequent Line Operating Costs 
The final costs to be discussed are subsequent annual 
operating expenses for a central office, the final terminal, the 
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MISCELLANEOUS INITIAL COSTS INVARIANT WITH LINE 
DIAMETER OR HORSEPOWER 
(1952 Dollars) 
Throughput 
(Barrels per Day) 
Total MiscelIaneous 
Cost 
($000'~) 
Source: See text, Section IV-A. 
conlillunication system, and the tank farms. These expendi- 
tures cover the salary costs of a central office staff which 
supervises the whole pipe line, the labor costs of operating 
the final terminal (utilizing a crew similar to that used on 
each station), costs of aerial survey of the line for leaks, and 
labor and material costs of maintaining the line, tank farms, 
and communication systems. These costs are either fixed 
regardless of line size or length (office expenses) or propor- 
tional to length of line (e.g,  line maintenance and aerial 
survey). They are summarized in Table 18. 
The costs of these items are again based on data from Mr. 
Sybert's thesis, inflated to 1952  dollar^.^ These expenditures 
are the same for all lines covered by the study; they perforce 
result in decreasing costs as throughput is increased. 
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ANNUAL OPERATWO COSTS OTHER THAN STATION OPERATIXG COSTS 
(1,000-mile line--1952 Dollars) 
Aerial Survey 
Line Maintenance 
Tank Maintenance 
Communications Maintenance 
Terminal Labor Costs 
Office Expense 
Total 
Source: See footnote 8. 
I t  is now possible to determine the aggregate costs of 
carrying crude oil in trunk lines. This will be done here 
by arithmetic aggregation. 
The principal problem involved in combining the costs 
described in sections 11-IV is the reconciliation of annual 
expenditures for labor, power, maintenance, ete., with the 
initial outlay for capital equipment. It will be recognized 
that, say, annual costs cannot be determined by adding one 
year's wage-power-maintenance bill to the initial outlay, 
since the capital equipment will last many years. Hence in 
order to determine annual costs (or costs for any other 
period), it is necessary to allocate part of the initial cost to 
each year of operation. This, in turn, necessitates the pre- 
diction of the length of life of the capital equipment. 
Note that this prediction is critical if it is possible to vary 
the proportions of the factors of production used for a given 
output. The length of life influences the relative amounts 
of money spent initially and subsequently. In general, if a 
short period is predicted, capital equipment becomes more 
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expensive per year of operation than if a long period were 
predicted. This means that subsequent expenditures for 
labor, power, maintenance, etc., would be substituted for 
initial expenditures on capital equipment. Indeed, it can 
be shown that if the wrong life is predicted, the firm will 
spend inevitably more money than is necessary. This prob- 
lem can better be described in terms of the economic pro- 
duction function analysis outlined in Section I. 
Following that analysis, the expenditure for producing 
a given level of output with two factors of production is 
given by: 
E = PLL + PcC, 
where E is the expenditure, PL is the price of labor, L is 
the amount of labor, Po is the price of capital, and C is the 
amount of capital. 
The annual price of labor is simply a wage rate per man- 
hour multiplied by the number of hours worked per man 
per year. The annual price of capital, however, is some 
fraction of the initial cost of a unit of capital. This fraction 
contains allowances for annual interest payments, property 
taxes, rent (if any), and amortization (called "depreciation") 
of the initial outlay. 
It will be recalled from Section I that the choice of the 
optinium economic combination of the physically accepta- 
ble possibilities depends on the relative prices of labor and 
capital. If the price of capital should rise relative to that 
of labor, then in the long-run labor would be substituted 
for capital. This is precisely what would (or at least, should) 
happen in designing a new plant if a firm first predicted a 
long life and then changed its mind in favor of an estimated 
short life. The annual price of capital in the former case 
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would be a smaller figure than that in the latter, since the 
initial price per unit of capital equipment would be di- 
vided by a larger rather than a smaller number of years. 
For example, an investment amortized over 25 years in 
equal annual parts would give an annual price of capital 
(ignoring interest, taxes, etc.) of 4 per cent of the initial 
outlay. If amortized over five years, the corresponding frac- 
tion would be 20 per cent per year. Consequently, on an 
annual basis, capital in the short-life case is more expen- 
sive than in the long-life case; but note that the annual 
price of labor does not change with changes in the Iife of 
the firm. As a result, the change in the assumption regard- 
ing the life of the firm would mean a higher price of capital 
relative to the (constant) price of labor and, hence, a sub- 
stitution of labor for capital. 
That the correct life must be predicted in order to avoid 
excessive expenditures may be shown by the following ex- 
ample, Take the case of two firms entering an industry. 
Each of these firms is constructing a cost curve based on 
the same type of plant. Engineers of both firms estimate 
that the real, physical life of the capital equipment will 
be 33% years. However, the management of Firm A ex- 
pects that the product will be outmoded in 10 years and 
that its plant will then become obsolete, while the manage- 
ment of Firm B expects to be able to use the plant for its 
f d  physical life. Plant A would depreciate on a 10 per 
cent per year basis, Plant B on a 3 per cent per year basis. 
There are two factors of production: Labor and Capital. 
The price of one unit of labor is $2,000 per year. The initial 
cost of capital is $100,000 per unit. A particular output can 
be obtained by any of the following combinations of Labor 
and Capital: 
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C 
-
units . . . 
1 
1% 
1% 
2% 
3% 
5 
The least possible total cost of producing this output is, 
by definition, the cheapest comb!nation of the two factors. 
For Firm A this is determined by choosing the minimum 
expenditure using a price of labor of $2,000 and a price of 
capital of $100,000 t 10 (assuming no property taxes or 
opportunity costs) or $10,000. 
The least expenditure for A is $22,000 per year, and it uses 
6L and 1C. 
The prices faced by B, however, are $2,000 for labor 
and $100,000 t 3334, or $3,000 per year. The least ex- 
penditure for B is $13,000 per year, and it uses 3L and 
2?C, These computations are summarized below: 
Production 
Function 
L C 
Expenditures by A Expenditures by B 
We have, &en, two least possible total costs for the 
same output simply because there are two expected firm 
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lives. Furthermore, if A is wrong and B is right about the 
expected life, then A will spend more to produce the out- 
put over a period of 3356 years than will B. The total cost 
to B for 33% years output will be: 
This is another way of saying that B's total expenditures 
equal the initial outlay ($233,333) plus the subsequent labor 
costs (33% [6000]), a total of $433,333. The total cost to A, 
however, will be $100,000 plus 33% (12,000), since A is using 
6L and lC, while B is using 3L and 2%C. A spends $500,000 
while B spends only $433,333. 
Conversely, if A were right and B were wrong, then B 
would spend more in ten years then would A. A would spend 
10(12,000) for labor, or $120,000, and $100,000 for capital, 
making a total of $220,000. B would spend only lO(6000) 
for labor, or $60,000; but it would spend $233,333 for capital, 
malcing a total of $293,333. A spends $220,000; B spends 
$293,333. 
Similarly, the price of capital, and therefore the pro- 
portions of labor and capital used, will change with varia- 
tions in interest rates, property tax rates, or annual rent 
changes. Hence, the optimum combinations of the factors 
of production for a given process will vary from firm to 
firm depending on the figures used for these components 
of the price of capital. 
Furthermore, the process of computing the price of capital 
will change with variations in the method of financing used. 
Where there is a capital market in which the film can bor- 
row and lend at  will, it is necessary to discount subsequent 
expenditures to present values (where "present" is the period 
of construction) in order to determine the optimum combina- 
tion of the factors of production. Under certain assumptions 
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concerning financing it would be necessaly to use declining 
balance depreciation or sinking funds. Any of these adjust- 
ments would change the price of capital (without affecting 
the price of labor). Consequently, different optimum com- 
binations would result. 
In the present study it is not feasible to compute sets of 
cost curves for several interest rates, several lengths of life, 
several methods of financing, etc. Consequently, one set of 
approximate aggregate costs was computed as an example. 
These costs assume a 25-year life of the line amortized in 
equal annual installments, giving a depreciation rate of 4 
per cent per year. An interest rate of 4 per cent per year 
was assumed, and the annual property tax was estimated 
to be 1 per cent per year. This gives a total annual price of 
capital 9 per cent per year. 
The optimum combinations of line diameter and horse- 
power found in this study might differ from those found 
with other assumptions. However, the pipe line production 
function is "discrete" in that line pipe (see Section I) is 
available only in selected sizes. As a result it takes appre- 
ciable changes in the price of capital to change the opti- 
mum line size for any given throughput. Two test compu- 
tations, one substituting an interest rate of 10 per cent for 
4 per cent, the other using discounted subsequent expendi- 
tures, showed that the optimum line size was changed only 
for small throughputs-and then only by one size. In any 
event, the basic shapes of the curves are the same regard- 
less of the procedure used. 
The aggregated costs are shown in Table 19 and Charts 
4 and 5. Table 19 shows total annual costs for each line 
and throughput studied, together with (average) costs per 
barrel per 1000 miles. Chart 4 shows annual total costs, 
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ANNUAL COSTS OF CRUDE 015 TRUNK PIPE L w  OPERATION- 
1000 MILE LINEB 
(GO SUS, 33t0 Gravity Oil) 
Through- Total Casts per 
put Line Cost d of Cost Of Tohl  Barrel (Barrels Diameter Horsepower Ditk,"ter Ower ~:FG Annual Per 
per Day) and tine Costs 1000 Diameter M i l ~ s  
- 
- ..- 
(Inches) . . . . . . . , . . . . . . , . .Thousnnds of 1952 Dollars. . . . . . . . . . . . . . . . . (Ccnts) 
45,000 83 1,856.4 1,768.0 3,624.4 303.8 5,908.P 43.05 
708.0 2,164.7 2.872.7* 305.8 3,176.5* 31.81a 
lo' 13% 541.0 0,581.1 0,925.1 503.8 3,093.9 35.39 
is. Ga 
19.66 
20.51 
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Through- Total Costs per put E~~ cost of Cost of Cost of Other Total Barrel 
(Barrela Diameter IIorsepower ,;f;:zter E:,!$~,"' Costs * c , " ~ ~ ~  Per 
per Day) 1000 Dinmeter Miles 
(Incf~es) . . . . . . . .Thousands of 1954 Dollars.. . , . . . . . . . . . . . . . (Cents) 
sn a , r s i . i ' 4 , 8 9 5 . 2  1 0 ~ ~ 3 . 6  0l4.s 10,077.9 14.03 
2% 8,687.7 5,986.7 8:974.4 614.3 9,618.7 10.54 
96 3,599.9 5,744.7 8 3 4 1 . 6  Gb4.S 8,988.9 9.85 
30 1,375.6 6,524.9 7:900:6' 644.3 0,544.8. 0.36' 
3% 1,039.5 7,018.8 8,088.8 646.3 8,735.6 9.57 
400,000 34 Il,ZOl.8 5,486.7 16,488.5 871.5 17 560 0 11.80 
26 7,814.7 5 ,7$t .7  15.559.4 871.5 14:450:9 9.88 
50 4,018.0 6,544.9 10,626.9 871.5 11,498.4 7.88 
33 8,085.6 7,018.8 10,15&.3* 871.5 11,005.8* 7.54' 
Assum tions: 95 Ycnr Life; 4 per cent interest; 1 per cent per year property tax. 
Note: Poptimum line sizc. 
while Chart 5 shows average costs. In these charts, the 
optimum line for any throughput is that line whose cost 
curve lies beneath all other cost curves at that throughput. 
I t  should be noted that these cost curves are for capacity 
operation at various designed levels of operation, because 
the only (short-run) variable cost, electric power, is included 
at its capacity value. Other (short-run) cost curves would be 
required for operation of a given line at less than designed 
capacity.' 
The reader will observe in Chart 5 that costs per barrel 
per 1000 miles for any given line size are "U" shaped, but 
that the optimum (least) cost per barrel may be decreased 
as througllput increases by the use of progressively larger 
lines. Pipe line operation may, then, be said to exhibit (long- 
run) decreasing costs, or "economies of scale," throughout the 
range of standard line sizes available. This means that in 
The Rice Institute Pamphlet 
Costs of Operating Crude Oil Pipe Lines 109 
Approx. Num- 
Approx. Outside W'all Cnpacity Operating gzz Nunr 3:;f Typr of Motors& ber of Home- Motor 
n?d Locntion ,??,","$ :if:$ Dinmeter Thicknees (Barrels Pressure of L ~ n e  ber of 
tion (Inches) (Inches) per Day) (p.s.i.) (On Stntions Power Pumpe Pumps lng 
Pressure) p (%.?)= Stnt~on 
Stnndnrd (California) 
Kettelman-Los 
Xfidnnos, Cnli. I047 170 18 125,000 900 I .80 D Electric Centrif. S 3-800 
Magnolia 
Corsicnnn, Tex.- 
Illinois 1067 647 PO x/r 100,000 800 3.75 4 Electric Centrif. S 3-900 
6/11 
Basin 
West Texns- 
Cushing--0kln. 1949 dl0 41 Q/ZP 2L1,OOO 750 4.08 4 Slectric Centrif. 4 3-1960 
$4 11/21 E18,OOO 2.27 1-500 
PO 1 183,000 8.61 1 Diesel Centrif. !2 9-639 
Ozrirk 
I/n 
Cushing Okln - 
Wood ldver, Ih. 1940 435 42 * / a  207,000 740 2.64 6 Electric Centrif. 4 S-1250 
1'/i¶ 1-000 
Portland 
Portland, 1de.- 
Montred 1940 230 18 I/* 147,000 850-700 4.70 6 Electric Recipr. 5 5-600 
l l /m 9 Dieael Recipr. 3 n.n. 
s/*. 
Humble 
U'cst Texan-Houston 1950 570 18 G / t s  155.000 800 8.80 3 Electric Centrif. % 2-1000 
y/,a 
Atlantic 
Weet Tcxns-S. Tex. 1960 385 10.75 .307 35,000 n.a. D.B. 1 Electric Centrif. 9, 8-600 
8 Electric Centrif, 2 4-560 
Mid-irallcy 
E. Texas-Lima, Ohio 1960 9'33 22 11/21 107-157,000 750 a.01 '3 Electric Centrif. 2 2-1600 
40 &/I$ 936 2.75 2 Diesel Centrif. 2 2-1750 
9hs 1030 4.00 2 Dunl-Fuel Centrif. P !?,-800 
Approx. Num- 
Appox. Outside Wall Capacity Operating 22: E:; $2,": T~~~ of ~~t~~~ ber of & Motor H~~~~ 
Company and Location J)ate of Length uiameter ~l~i~.~~~~ ( ~ ~ ~ ~ ~ l ~  pResure 
and Line Corn~le- (Inches) (Inches) per Day) ( p i . )  ('q:P- Stations Power 
tion per g?.; 
Pressure) Station 
Interprovincial 
Alberta- 
>' Superior, Kis. 
Sinclair 
Drumrigllt. Okla.- 
Enat Chicago 
Plattc 
Wyoming-IYood 
River, Illinois 
lI1est Texus--Gulp 
W. Terns-E. Teins- 
Gulf Const 
1050 460 PO %a 145,000 1050 1.79 .h Diesel Centrif. 
Qj,, ti0,ooo 
1953 675 2 1  lIjrl 280,000 080 2.55 4 Electric Centri£. 
22 e/rr 150,000 P.7G 
4 Electric Centrif. 
1952 1080 20 / 90,000 1000 55.00 4 Electric Ccntrif. 
ll/ll 
1955 460 LO :Il 580,000 DO0 1.76 6 Electric Centric. 
20 3.29 
1 Electric Centrif. 
1 Electric CentrU. 
EIectric Centrif. 
1855 403 23 ll/rr 345,000 800 2.15 8 Electric Centrif. 
5 / l l  
Notes: 1 Ultimate capncity. n.a.-Not available. 
Source: Compiled from information in trade journal mticlea (World Oil, Pipo Line New$, Oil and Gas Journal, and Pelrule~rm EngLcer) and private sourczs. 
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~ r d e r  to realize the least possible transportation costs, oil 
must be carried congIomerately in as large quantities as is 
possible. The optimum (outside-diameter) h e  size for large 
throughputs will be about 30 inches in most cases, and would 
probably never be less than 26 inches (the largest pipe yet 
used for crude in the United States)-unless very short lives 
and/or high interest rates were assumed. I t  may be con- 
cluded that for efficient transportation, pipe lines must be 
big and that future lines to any large new fields should, in 
all likelihood, be ,larger than those now in operation in the 
United States. 
LESLIE COOKENBOO, JR, 
NOTES 
1. R. L. Huntington and others, High Pressure Pipe Line Research 
(Olean, N.Y., 1947). 
2. G. C. Hughes, The Preliminary Design of Crude Oil Trunk Systems 
(Austin, 1949), unpublished Master's thesis deposited in the Library 
of the University of Texas. 
EL 3. Assume that the intercept of one line equals - and that the inter- 
PL 
Ez 
cept of the other equals ;. Since PL = PL, the line of this pair 
PL 
which has the higher intercept will have the higher E. If E, > El, 
then its line will have the higher intercept. 
4. See Petroleum Adminisbation for Defense, Transportation of 021 
(Washington, 1951), p. 25. 
5. G. C. Hughes, Preliminary Design, p, 3. 
6. See U. S. Interstate Commerce Commission, Statistics of Oil Pipe 
Lines, 1951 (Washington, 1952). 
7. See J. H. Sybert, Economic Selection of a Cwde  Oil Pipe Line 
(Austin, 1948), unpublished Master's thesis deposited in the Library 
of the University of Texas, p. 83. 
8. J. H. Sybert, Economic Selection, Appendix I .  
9, See the discussion of short-run costs in L. Cookenboo, Jr., Crude 
Oil Pipe Lines and Competition in the Oil Industry (forthcoming, 
1954), Chapter I. 
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